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ABSTRACT 
An i n u e s t i g a t i o n  was made o f  t h e  e l e c t r o m a g n e t i c  d i s i n t e -  
g r a t i o n  o f  c a r b o n ,  n i t r o g e n ,  a n d  oxygen  l e a d i n g  t o  p r o d u c t i o n  o f  
t h e  u n s t a b l e  n u c l e i  Be7 a n d  c". T a r g e t s  o f  g r a p h i t e ,  m e l a m i n e ,  
a n d  w a t e r  w e r e  bombarded wi-Zh 75-MeV e l e c t r o n s  f r o m  t h e  N a v a l  P o s t -  
g r a d u a t e  S c h o o l  l i n e a r  a c c e l e r a t o r .  The d i s i n t e g r a t i o n  f r a g m e n t s  
o f  i n t e r e s t  w e r e  c o u n t e d  by d e t e c t i n g  t h e i r  d e c a y  a c t i v i t y ,  Be 7 
by t h e  477-Hev gamma r a y  f r o m  i t s  d a u g h t e r  n u c l e u s  a n d  C" by t h e  
5 
511-Kev p h p t o n s  f r o m  t h e  a n n i h i l a t i o n  o f  i t s  e m i t t e d  p o s i t r o n .  
E l e c t r o n  a n d  p h o t o n  e f f e c t s  w e r e  s e p a r a t e d  by i n t e r p o s i n g  a n  a d d i -  
t i o n a l  r a d i a t o r  f o r  o n e  bombardment  o f  a  g i v e n  t y p e  o f  t a r g e t ,  
t h e n  r e p e a t i n g  w i t h  a  s i m i l a r  t a r g e t  w i t h o u t  t h e  r a d i a t o r .  
R a d i o a c t i v e  f r a g m e n t s  o f  Be7 a n d  cl' w e r e  f o u n d  i n  a l l  bom- 
b a r d m e n t s ;  N~~ was a l s o  f o u n d  i n  bombardments  o f  me lamine  a n d  
w a t e r .  E l e c t r o d i s i n t e g r a t i o n  c r o s s  s e c t o n s  f o r  p r o c e s s e s  y i e l d i n g  
C" w e r e  f o u n d  t o  r a n g e  f r o m  1 7 . 5 p b  f o r  c a r b o n  down t o  0 . 3  b  f o r  P 
oxygen.  The c o r r e s p o n d i n g  v a l u e s  f o r  p r o c e s s e s  y i e l d i n g  ~ e '  r a n g e d  
f r o m  1 . 3 r b  t o  0 . 1 4 ~ u b .  I n t e g r a t e d  p h o t o d i s i n t e g r a t i o n  c r o s s  sec- 
t i o n s  were f o u n d  t o  b e  a p p r o x i m a t e l y  50 times g r e a t e r  t h a n  t h e s e .  
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I. INTRODUCTION 
The i n v e s t i g a t i o n  pf  n u c l e a r  s t r u c t u r e  is  g e n e r a l l y  accom- 
p l i s h e d  by p e r m i t t i n g  e n e r g e t i c  r a d i a t i o n  f r o m  some e x t e r n a l  
s o u r c e  t o  i n t e r a c $  w i t h ,  a n d  p e r h a p s  t o  d i s i n t e g r a t e ,  t h e  n u c l e u s  
i n  q u e s t i o n .  A n a l y s i s  o f  t h e  d i s t r i b u t i o n  o f  t h e  r e s u l t i n g  f r a g -  
m e n t s  c a n  l e a d  t o  i n f o r m a t i o n  c o n c e ~ n i n g  b o t h  t h e  o r i g i n a l  
s t r u c t u r e  o f  t h e  t a r g e t  n u c l e u s  a n d  t h e  s p e c i f i c  i n t e r a c t i o n  
mechan i sms  i n v o l v e d .  If t h e  p r o j e c t i l e  p a r t i c l e  is o f  a  n u c l e a r  
s o r t ,  s e p a r a t i o n  o f  t h e  two t y p e s  a f  i n f o r m a t i o n  w i l l  be v e r y  
d i f f i c u l t  d u e  t o  o u r  i n c o m p l e t e  u n d e r s t a n d i n g  o f  s p e c i f i c a l l y  
n u c l e a r  i n t e r a c t i o n s .  I f ,  however ,  t h e  p r i m a r y  r a d i a t i o n  is o f  
e l e c t r o m q q n e t i c  n a t u r e ,  a s  i n  t h e  e x p e r i m e n t  t o  b e  r e p o r t e d  h e r e ,  
we b e l i e v e  t h e  i n t e r a c t i o n  p r o c e s s  t o  b e  f a i r l y  w e l l  u n d e r s t o o d .  
D i r e c t  i n f o r m a t i o n  c a n  t h e n  b e  o b t a i n e d  a b o u t  t h e  s t r u c t u r e  o f  t h e  
s m i n a l  n u c l e u s  a l o n e ,  p r o v i d i n g  o n l y  t h a t  t h e  e n e r g y  a n d  a n g l e  
d i s t r i b u t i o n s  o f  a l l  d i s i n t e g r a t i o n  f r a g m e n t s  c a n  b e  d e t e r m i n e d .  
M e a s u r e m e n t s  o f  t h e  d i s t r i b u t i o n s  o f  i n d i v i d u a l  l i g h t  
c h a r g e d  p a r t i c l e s  ( p r o t o n ,  d e u t e r o n s ,  a l p h a  p a r t i c l e s )  o r  o f  
n e u t r o n s  r e s u l t i n g  f r o m  p h o t o d i s i n t e g r a t i o n  o r  e l e c t r o d i s i n t e g r a -  
t i q n  p r o c e s s e s  h a v e  b e e n  a c c o m p l i s h e d  by many e x p e r i m e n t a l  g r o u p s  
[1,2] o v e r  t h e  l a s t  t h i r t y  y e a r s .  On t h e  o t h e r  hand ,  e x p e r i m e n t a l  
i n f o r m a t i o n  on t h e  d i s t r i b u t i o n s  o f  a l l  o f  t h e  e m i t t e d  f r a g m e n t s  
-
f r o m  a  g i v e n  d i s i n t e g r a t i o n  i s  r e l a t i v e l y  s p a r s e ,  b e i n g  r e s t r i c t e d  
m a i n l y  t o  e x p e r i m g n t s  i n  which t h e  d i s i n t e g r a t i o n s  o c c u r r e d  i n  
n u c l e a r  e m u l s i o n s  [3]. The d i f f i c u l t y  o f  m e a s u r i n g  a l l  t h e  f r a g -  
m e n t s  i n  a n  e x p e r i m e n t  u s i n g  c o u n t e r s  i s  somewhat  g r e a t e r ,  b o t h  
becauss c o i n c i d e n c e  t e c h n i q u e s  a r e  r e q u i r e d ,  a n d  b e c a u s e  t h e  heavy  
f r a g m e n t s  c a n n o t  e s c a p e  f r o m  a n y  b u t  t h e  t h i n n e s t  o f  t a r g e t s .  A s  
a  f i r s t  s t e p  i n  o b t a i n i n g  i n f o r m a t i o n  c o n c e r n i n g  t h e  p r o c e s s e s  
w h i c h  r e s u l t  i n  heavy  d i s i n t e g r a t i o n  f r a g m e n t s ,  s e v e r a l  e x p e r i -  
m e n t a l  g r o u p s  [4,5] h a v e  m e a s u r e d  t h e  e n d - p r o d u c t  r a d i o a c t i v i t y  
f o l l o w i n g  bombardment o f  s e l e c t e d  n u c l e i .  The t o t a l - c r o s s  s e c t i o n  
f o r  p r o d u c t i o n  o f  u n s t a b l e  n u c l e i  a s  d i s i n t e g r a t i o n  f r a g m e n t s  is  
r e l a t i v e l y  e a s i l y  o b t a i n e d .  I t  c o n s t i t u t e s  o n e  o f  t h e  b i t s  o f  
i n f o r m a t i o n  f r o m  w h i c h  c o m p l e t e  knowledge  o f  t h e  a n g l e  a n d  e n e r g y  
d i s t r i b u t i o n s  o f  a l l  t h e  e m i t t e d  p r o d u c t s  may some d a y  b e  p i e c e d .  
I n  a n  e f f o r t  t o  o b t a i n  i n f o r m a t i o n  a b o u t  e l e c t r o m a g n e t i c  
i n t e r a c t i o n s  w i t h  l i g h t  n u c l e i ,  we c o n d u c t e d  a n  e x p e r i m e n t  a t  t h e  
N a v a l  P o s t g r a d u a t e  S c h o o l  t o  m e a s u r e  t h e  t o t a l  c r o s s  s e c t i o n s  f o r  
t h e  p h o t o d i s i n t e g r a t i o n  a n d  e l e c t r o d i s i n t e g r a t i o n  o f  c a r b o n ,  n i t r a -  
g e n ,  a n d  oxygen  i n  p r o c e s s e s  l e a d i n g  t o  t h e  r a d i o a c t i v e  f r a g m e n t s  
C" a n d  Ele7. A s i d e  f r o m  t h e  t h e o r e t i c a l  i n t e r e s t  t h a t  a t t a c h e s  t o  
i n t e r a c t i o n s  w i t h  l i g h t  n u c l e i ,  t h e s e  e l e m e n t s  were s e l e c t e d  f o r  
s t u d y  on  t h e  b a s i s  o f  c e r t a i n  p r a c t i c a l  c o n s i d e r a t i o n s .  E a c h  
o c c u r s  i n  s h i e l d i n g  m a t e r i a l s  u s e d  i n  t h e  t a r g e t  a r e a s  o f  a c c e l -  
e r a t o r s  a n d  t h u s  c o n s t i t u t e s  a  r a d i o a c t i v e  s o u r c e  when a c t i v a t e d  
by a  h i g h - i n t e n s i t y  e l e c t r o n  beam. The r e s u l t i n g  r a d i a t i o n  c a n  b e  
h a z a r d o u s  i f  t h e  k a r g e t  a r e a  m u s t  b e  e n t e r e d  b e f o r e  t h e  r a d i a t i o n  
h a s  h a d  a n  o p p o r t u n i t y  t o  d e c a y  t o  a  s a f e  l e v e l .  I t  was o u r  
i n t e n t i o n  t o  m e a s u r e  t h e  r e l e v a n t  p r o d u c t i o n  c r o s s  s e c t i o n s  i n  
o r d e r  t o  d e t e r m i n e  how r a p i d l y  s u c h  h a z a r d o u s  l o n g - l i v e d  a c t i v i t y  
i s  b u i l t  up. 
I n t e r a c t i o n s  w h i c h  l e a d  t o  t h e  f r a g m e n t s  Ele7 o r  cl1 may o c c u r  
i n  a  g r e a t  v a r i e t y  o f  f o r m s .  A s  examples o f  p o s s i b l e  p h o t o d i s i n t e -  
g r a t i o n  p r o c e s s e s  o c c u r r i n g  i n  t h e  e x p e r i m e n t ,  we m i g h t  l i s t  
7  G ~ ~ ( T , ~ ~ ) B ~  . I f  o n e  r e p l a c e d  t h e  p h o t o n  by a n  e l e c t r o n  ( w h i c h  
s c a t t e r s  i n  t h e  i n t e r a c t i o n ) ,  t h e s e  e x p r e s s i o n s  would  a l s o  d i s p l a y  
v a l i d  e x a m p l e s  o f  e l e c t r o d i s i n t e g r a t i o n  p r p c e s s e s .  I n  any  e v e n t ,  
t h e  d i s i n t e g r a t i o n  c r o s s  s e c t i o n s  c a n  h e  m e a s u r e d  i f  o n e  d e t e c t s  
tihe r a d i a t i o n s  e m i t t e d  i n  t h e  d e c a y  o f  t h e  heavy  f r a g m e n t .  F o r  
e x a m p l e ,  t h e  p r o d u c t  n u c l e i  a n d  N~~ d e c a y  by p o s i t r o n  e m i s p i o n ,  I 
a s  shown by the  e q u a t i o n s  
C l 1 4  f311 + pc + y 
a n d  N ~ ~ - - +  C 1 3  + pC + V. 
F o l l o w i n g  i t s  e m i s s i o n  t h e  p o s i t r o n  a n n i h i l a t e s  w i t h  a n  e l e c t r o n ;  
t h i s  l e a d s  t o  t h e  a p p e a r a n c e  of two 511-Hev p h o t o n s  which  may b e  
d e t e c t e d .  S i m i l a r l y ,  t h e  heavy  f r a g m e n t  Be7 d e c a y s  by e l e c t r o n  
c a p t u r e  t o  t h e  f i n a l  n u c l e u s  ~i~ a c c o r d i n g  t o  o n e  o f  t h e  e q u a t i o n s .  
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e  + Be 4 L i 7  + y (89,68%) 
One n o t e s  t h a t  i n  10.32 p e r c e n t  o f  t h e  d e c a y s  t h e  L i 7  d a u g h t e r  
n u c l e u s  is  l e f t  i n  a n  e x c i t e d  s t a t e .  The 477.3-Hev gamma r a y  
7 *  
which  r e s u l t s  i n  t h e  s u b s e q u e n t  d e - e x c i t a t i o n  o f  L i  p r o v i d e s  o n e  
w i t h  a  means o f  d e t e r m i n i n g  t h e  number o f  EIe7 n u c l e i  t h a t  w e r e  p ro -  
d u c e d  i n  t h e  p r i m a r y  d i s i n t e g r a t i o n .  
11. EXPERIMENTAL DETAILS 
A. The A c c e l e r a t o r  S y s t e m  
The s o u r c e  o f  t h e  h i g h - e n e r g y  e l e c t r o n s  f o r  t h i s  e x p e r i m e n t  
was t h e  120-MeV l i n e a r  a c c e l e r a t o r  a t  t h e  N a v a l  P o s t g r a d u a t e  
S c h o o l .  T h i s  m a c h i n e . p r o v i d e d  p r i m a r y  e l e c t r o n s  w i t h  a n  e n e r g y  
o f  75 MeV and  a n  i n t e n s i t y  o f  5 x 1 0 ~ ~  e l e c t r o n s  p e r  s e c o n d  i n  a  
beam w i t h  d i a m e t e r  o f  a b o u t  3 /8 - inch  a t  t h e  c o l l i m a t o r .  A f t e r  t h e  
c o l l i m a t o r  t h e  e l e c t r o n s  e n t t e ~ e d  t h e  f i r s t  d e f l e c t i o n  magne t  a n d  
were  d e f l e c t e d  t h r o u g h  30 d e g r e e s  f r o m  t h e  a c c e l e r a t o r  a x i s .  I n  
t h i s  way t h e  n e u t r o n s  a n d  b r e r n s s t r a h l u n g  p h o t o n s  p r o d u c e d  i n  t h e  
a c c e l e r a t i n g  s t r u c t u r e  c o u l d  b e  removed f r o m  t h e  e l e c t r o n  beam. 
The d e f l e c t i n g  magne t  and  t h e  e n e r g y  s l i t s  f o l l o w i n g  i t  d e t e r m i n e  
t h e  p r i m a r y  e l e c t r o n  e n e r g y .  The e n e r g y  s l i t  w i d t h  d e f i n e s  t h e  
u n c e r t a i n t y  i n  t h e  e l e c t r o n  e n e r g y ;  i n  o u r  e x p e r i m e n t  t h i s  u n e e r -  
t a i n t y  was + 1 p e r c e n t .  F o l l o w i n g  t h e  s l i t s ,  t h e  begm f i n a l l y  
p a s s e d  t h r o u g h  t h e  f o c u s i n g  magne t  which  b e n t  i t  a n o t h e r  30 d e g r e e 9  
i n t o  t h e  e x p e r i m e n t a l  a r e a ,  i n  which  t h e  bombardments  o c c u r r e d ,  
6. M o n i t o r i n g  o f  t h e  P r i m a r y  Beam 
A s e c o n d a r y - e l e c t r o n - e m i s s i o n  m o n i t ~ r  was i n s t a l l e d  a t  t h e  
e n d  o f  t h e  beam t u b e ,  a f t e r  t h e  f o c u s i n g  magne t ,  b u t  a h e a d  o f  t h e  
t a r g e t  a s s e m b l y .  The c u r r e n t  p r o d u c e d  i n  t h i s  5 - f o i l  m o n i t o r  was 
p e r m i t t e d  t o  c h a r g e  a  c a p a c i t o r  o f  known c a p a c i t a n c e .  Measurement  
o f  t h e  c a p a c i t o r  v o l t a g e  by means o f  a n  i n t e g r a t o r  c i r c u i t  t h e n  
e n a b l e d  u s  t o  d e t e r m i n e  t h e  t o t a l  e l e c t r o n  c h a r g e  t h a t  h a d  p a s s e d  
t h r o u g h  t h e  m o n i t o r  a n d  i n t o  t h e  t a r g e t .  The m o n i t o r  h a s  a n  
e f f i c i e n c y  o f  0.05 a n d  a n  a c c u r a c y  o f  1 0  p e r c e n t .  F l u c t u a t i o n s  
i n  beam i n t e n s i t y  were n o t  r e c o r d e d .  We d i d ,  however ,  n o t e  t h e  I 
p e r i o d s  i n  which t h e  beam f a i l e d  e n t i r e l y .  D u r i n g  t h e  a c t u a l  
11 on 11 p e r i o d s  t h e  a v e r a g e  beam c u r r e n t  was assumed t o  be c o n s t a n t .  
T h i s  a s s u m p t i o p  l e a d s  t o  some e r r o r  i n  r e s u l t s  f o r  t h e  s h o r t -  
l i v e d  Cl1 p r o d u c t  n u c l e i .  
D u r i n g  bombardment t h e  e l e c t r o n  beam was v i s u a l l y  o b s e r v e d  
by u s e  o f  r e m o t e  t e l e v i s i o n .  A ZnS s c r e e n  was p l a c e d  i n  f r o n t  o f  
e a c h  t a r g e t .  The beam s p o t  p r o d u c e d  on  t h i s  s c r e e n  was o b s e r v e d  
by t h e  o p e r a t o r  a s  a means of s t e e r i n g  t h e  beam a n d  f o c u s i n g  i t  
on  t h e  c e n t e r  o f  t h e  t a r g e t .  
C, T a r g e t  C o n f i g u r a t i o n  
N u c l e i  of t h e  e l e m e n t s  c a r b o n ,  n i t r o g e n ,  and  oxygen were  o f  
i n t e r e s t  a s  t a r g e t s  i n  t h i s  e x p e r i m e n t .  The c a r b o n  t a r g e t s  were  
made o f  s p e c t r a l  g r a d e  g r a p h i t e *  o f  99.9% p u r i t y ,  1.586 g/cm 3  
d e n s i t y ,  mach ined  i n t o  d i s c s  o f  0 .973- inch d i a m e t e r  and  0.200-inch 
t h i c k n e s s .  D u r i n g  i r r a d i a t i o n  t h e  e l e c k r o n  beam was i n c i d e n t  on 
e a c h  d i s c  a l o n g  i t s  a x i s  o f  symmetry.  
The n i t r o g e n  n u c l e i  were  bombarded i n  a  t a r g e t  o f  melamine ,  
C3H6N6, a n  o r g a n i c  compound w i t h  m o l e c u l a r  w e i g h t  126 .1  g r a k s  - p e r  
mole. The t a r g e t  m a t e r i a l  was i n  t h e  p h y s i c a l  f o r m  of  a  f i n e  
c r y s t a l l i n e  powder o f  d e n s i t y  1.107 g/cm3 and  9 7  p e r c e n t  p u r i t y . * *  
The melamine was t i g h t l y  p a c k e d  i n t o  a n  aluminum a l l o y  ( t y p e  6061)  
c o n t a i n e r  which  h e l d  t h e  powder i n  an  0 .866- inch d i a m e t e r  by 
* M a n u f a c t u r e d  by Union C a r b i d e  Corp., Carhon  P r o d u c t s  Div., 
New York,  N.Y. 
**  M a n u f a c t u r e d  by Eastman O r g a n i c  C h e m i c a l s ,  R o c h e s t e r ,  N.Y. 
0.200-inch t h i c k  c o n f i g u r a t i o n .  The samples  were i r r a d i a t e d  w i t h  
t h e  d i s c s  c o a x i a l  w i t h  t h e  beam c e n t e r l i n e  (F ig .  1 ) .  Each t a r g e t  
was c o o l e d  t o  p r e v e n t  m e l t i n g  o r  s u b l i m a t i o n  of  t h e  m a t e r i a l .  
Oxygen n u c l e i  were bombarded i n  a  t a r g e t  of  d i s t i l l e d  w a t e r  
e n c l o s e d  i n  an aluminum a l l o y  ( t y p e  6061)  h o l d e r  which c o n t a i n g d  
t h e  w a t e r  i n  a  c o n f i g u r a t i o n  0.75 i n c h e s  wide,  0.75 i n c h e s  h i g h ,  
and 0.26 i n c h e s  t h i c k  i n  t h e  d i r e c t i o n  o f  t h e  e l e c t r o n  beam (F ig .  
2 ) .  The w a t e r  was n o t  degas sed  p r i o r  t o  i r r a d i a t i o n .  I t  was 
c o o l e d  d u r i n g  i r r a d i a t i o n  t o  p r e v e n t  v a p o r i z a t i o n .  
I n  o r d e r  t o  c o o l  t h e  melamine and w a t e r ,  t h e s e  t a r g e t  h o l d e r s  
were mounted on an  aluminum s u p p o r t  which was p a r t  of  t h e  moveable 
t a r g e t  f rame.  The b a s e  of  t h e  s u p p o r t  was i n s e r t e d  i n  an  i n s u l -  
a t e d  f l a s k  f i l l e d  w i t h  l i q u i d  n i t r o g e n .  Thus t h e  h e a t  g e n e r a t e d  
i n  t h e  t a r g e t  by t h e  e l e c t r o n  bombardment was conduc ted  downwards 
and  d i s s i p a t e d  i n  t h e  l i q u i d  n i t r o g e n .  The re  was no a p p a r e n t  l o s s  
of  melamine o r  w a t e r  d u r i n g  i r r a d i a t i o n .  
D. Bremss t r ah lung  P r o d u c t i o n  
Accompanying t h e  e l e c t r o n  beam i n  t h e  t a r g e t  a r e a  of  a l i n e a r  
a c c e l e r a t o r  a r e  some u n a v o i d a b l e  b r e m s s t r a h l u n g  photons .  These 
a r e  produced  i n  a l l  m a t e r i a l  t h r o u g h  which t h e  h igh-energy  e l e c -  
t r o n s  p a s s ,  i n c l u d i n g  t h e  t a r g e t  i t s e l f .  I n  o u r  e x p e r i m e n t  t h e  
f o l l o w i n g  i t e m s  were p r e s e n t  a s  b r e m s s t r a h l u n g  p r a d u c e r s  i n  a l l  
i r r a d i a t i o n s :  t h e  window o f  t h e  e l e c t r o n  beam t u b e  and t h e  f o i l s  
o f  t h e  s econda ry -emis s ion  m o n i t o r ,  0.152 mm o f  aluminum; an  
aluminum f o i l  t a r g e t  f o r  a  s i m u l t a n e o u s  e x p e r i m e n t ,  0.118 mm; 
t h e  a i r  between t h e  end o f  t h e  vacuum p i p e  and t h e  t a r g e t ,  63 .5  cm; 
a  ZnS l a y e r ,  0.061 mm,  d e p o s i t e d  on an aluminum f o i l ,  0.058 mm. 
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The water and melamine t a r g e t s  con t r i bu t ed  a d d i t i o n a l  m a t e r i a l  i n  
f r o n t  of t h e  a c t u a l  t a r g e t  m a t e r i a l ,  The upstream wa l l s  of t he  
. 
holders  were 0.367 and 0.438 m m ,  r e s p e c t i v e l y ,  of type 6061 
aluminum a l l o y ,  T h i s  is composed of 1.0 percen t  magnesium, 9 
0.6 percent  s i l i c o n ,  and 0.25 percen t  each of copper and chromium, 
a l l oyed  w i t h  aluminum. The r a d i a t i o n  t h i cknes se s  of t h e  ho lders  
a r e  r epo r t ed  i n  t h e  t h i r d  column of Table I ,  The r a d i a t i o n  th ick-  
, , 
ness  of hal f  t h e  t a r g e t  i t s e l f  is  t a b u l a t e d  i n  t h e  f o u r t h  column. 
i 
For a l l  samples i r r a d i a t e d  w i t h  t he  copper r a d i a t o r  "in1! a  s h e e t  I 
I 
of oxygen-free, h igh-conduct ivi ty  copper, 0.792 mm t h i c k ,  was 
mounted d i r e c t l y  i n  f r o n t  of t he  app rop r i a t e  t a r g e t ,  This  i n t e r -  
posed an a d d i t i o n a l  0,0550 r a d i a t i o n  l e n g t h s  of ma te r i a l ,  
TABLE I 
Radiat ing Ma te r i a l  Thickness 
A l l  t h i cknes se s  a r e  i n  u n i t s  of r a d i a t i o n  l enq ths  
- 
Extra  Target  Target  
Sample, Radiator  Wall Body Tota l  
-
Tot a 1  
I r r a d i a t i o n  Charge 
Time ( s e c )  cou l )  (W it 1) 
Carbon 1 i n  - .00939 
Carhon 2  ' out  - ,00939 
Carbon 3  ou t  - .00939 
Mel. 1 i n  .On495 ,00687 
Mel, 2  ou t  .a0495 ,00713 
Water 1 i n  -00415 .00922 
Water 2  ou t  .On415 ,00922 
Table I a l s o  l is ts  t o t a l  i r r a d i a t i o n  time and accumulated 
1 
charge f o r  each sample, The carbon-2 and water-2 samples had 
"beam o f f u  i n t e r v a l e  d u r i n g  t h e i r  i r r a d i a t i o n .  These i n t e r r u p - l  
t i o n s  were, of c o u r s e ,  t a k e n  i n t o  a c c o u n t  i n  t h e  c a l c u l a t i o n  of 
t h e  c r o s s  s e c t i o n s  f o r  t h e  n u c l e i  i n v o l v e d  i n  t h e s e  samples .  The 
I 
mathod f o r  d o i n g  t h i s  w i l l  be  d i s c u s s e d  i n  C h a p t e r  111. 
1 
E. D e t e c t i a n  Sys tem 
After bomba~dment ,  e a c h  sample  was removed f rom its h o l d e r  
and p l a c e d  i n  a  p o l y e t h y l e n e  b o t t l e  w i t h  a n  i n s i d e  d i a m e t e r  o f  
O . W O  i n c h e s  and a  0.047-inch w a l l  t h i c k n e s s .  I Each b o t t l e  was 
t h e n  s e a l e d  w i t h  epoxy r e s i n  t o  p r e v e n t  s p i l l a g e  o r  e v a p o r a t i o n  
of t h e  sample ,  o r  c o n t a m i n a t i o n  o f  t h e  c o u n t e r  house.  I n  t h e  
w a t e r  bombardments, however,  a n  a d d i t i o n a l  s t e p  was t aken .  
C r y s t a l s  o f  BeN03 were added  t o  t h e  w a t e r  sample ,  p r i o r  t o  i ts  
removal  f ~ o m  t h e  t a r g e t  h o l d e r .  T h i s  c a u s e s  a n  exchange  between 
9 7 
t h e  Be i e n s  and t h e  r a d i o a c t i v e  Be a d s o r b e d  t o  t h e  c o n t a i n e r  
w a l l s  and  a l l o w s  a more comple t e  t r a n s f e r  o f  Be7 i n t p  t h e  b o t t l e .  
The coun te r -house  was c o n s t r u c t e d  of s t a n d a r d  2 x 4 ~ 8 - i n c h  
l e a d  b r i c k s  which were s t a t k e d  t o  fo rm a  b a s e ,  w a l l s ,  and  t o p  each  
aF 6 ~ i n c h  t h i c k n e s s .  The i n s i d e  well Was 20x20 i n c h e s  by 24 i n c h e s  
high.  An 8x8- inch  a c c e s s  p o r t  i n  t h e  t o p  was c o v e r e d h u r i n g  
c o u n t i n g  by a  6- inch  l e a d  cap. The s c i n t i l l a t i o n  c r y s t a l - p h o t o -  
m u l t i p l i e r  t u b e  was mounted i n  a  h o l d e r  c e n t e r e d  on t h e  b a s e  o f  
t h e  coun te r -house  well w i t h  t h e  c r y s t a l  f a c e  p o i n t i n g  upward a t  
a  h e i g h t  o f  11.5 i n c h e s  above  t h e  bo t tom of  t h e  well (F ig .  3 ) .  
The h o l d e r  which f i x e d  t h e  p o g i t i o n  of t h e  s ample  b o t t l e  d u r i n g  
c o u n t i n g  was f a b r i c a t e d  o f  1/Q-inch l u c i t a  s h e e t  s u p p o r t e d  by 
three luc i te  ~ o d s .  Thig  assembly  was p l a c e d  o v e r  t h e  c o u n t e r  i n  
-. \ \, Lead / / / I . / / /  Aluminum 
1 ' 
C 
F i p .  3 Geometry for Counting 
s u c h  a way t h a t  t h e  b a s e  o f  t h e  s a m p l e  b o t t l e  came n e a r l y  i n  con-  
t a c t  w i t h  t h e  t u b e  face, p r o v i d i n g  t h e  maximum c o u n t i n g  e f f i c i e n c y .  
The e l e c t r i c a l  e q u i p m e n t  a s s o c i a t e d  w i t h  t h e  e x p e r i m e n t  is 
shown i n  a  b l o c k  d i a g r a m  i n  F i g .  4, The c o u n t e r  u s e d  was a  
Harshaw Type 1 2 5 1 2  " I n t e g r a l  L i n e "  Assembly which  employs  a 
c y l i n d r i c a l  NaI (S1)  c r y s t a l  3 i n c h e s  i n  d i a m e t e r  a n d  3 i n c h e s  
l o n g  c o u p l e d  t o  a n  RCA t y p e  8 0 5 4  p h o t o m u l t i p l i e r  t u b e .  The 
, r e m a i n d e r  o f  t h e  e l e c t r o n i c  a p p a r a t u s  and  t h e  p h o t o m u l t i p l i e r  
t u b e  b a s e  c i r c u i t  a r e  d i s c u s s e d  i n  Appendix  1, 
P r e l i m i n a r y  e x p e r i m e n t s ,  n o t  h e r e  r e p o r t e d ,  e s t a b l i s h e d  a  
r e q u i r e m e n t  f o r  c l o s e  s c r u t i n y  o f  t h e  g a i n  a n d  v o l t a g e  s t a b i l i t y  
o f  t h e  s y s t e m .  A x e l i a b l e  method o f  m i n i m i z i n g  t h e  e f f e c t s  o f  
' b  
t r o u b l e s o m e  g a i n  s h i f t s  was f i n a l l y  a c h i e v e d  u s i n g  t h e  e s s e n t i a l l y  
c o n s t a n t  a c t i v i t y  of a  ~e~~~ s o u r c e .  The s o u r c e ,  a  s m a l l  amount  
o f  CsCl  on a  c o p p e r  d i s c ,  was mounted i n  a  h o l d e r  t h a t  e n a b l e 4 5 t  y:" , 
t o  be  p l a c e d  i n  t h e  same i d e n t i c a l  s p o t  o v e r  t h e  c o u n t e r  f o r  e a c h  
c a l i b r a t i o n .  
The a m p l i f i e r  g a i n - s e t t i n g  p r o c e d u r e  was t h e n  d e t e r m i n e d  a s  
f o l l a w s .  The t u b e  h i g h - v o l t a g e  b e i n g  s e t  a t  1100  v o l t s ,  t h e  
a m p l i f i e r  g a i n  was a d j u s t q d  s o  t h a t  t h e  662-Kev p h o t o p e a k  maxi-  
mum o f  t h e  c e s i u m  s p e c t r u m  f e l l  i n  c h a n n e l  339 o f  t h e  5 1 2 - c h a n n e l  
p u l s e - h e i g h t  a n a l y z e r .  With t h e  i n t e r n a l  g a i n  o f  t h e  a n a l y z e r  
a l r e a d y  p r o p e r l y  a d j u s t e d  a t  t h i s  p o i n t ,  t h e  32-Kev b a r i u m  x- ray  
l i n e  t h e n  f e l l  i n  c h a n n e l  1 6 ,  a s  shown i n  F i g .  5, P u l s e s  f r ~ m  
a m e r c u r y - s w i t c h  p u l s e r  w e r e  t h e n  a p p l i e d  a t  t h e  a m p l i f i e r  i n p u t  
t e r m i n a l s .  The p u l s e  a m p l i t u d e  was a d j u s t e d  s o  t h a t  t h e  a m p l i f i e r  
a u t p u t  p u l s e s  would f a l l  i n t o  c h a n n e l  320,  a t  a b o u t  half-maximum 
d 
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on t h e  l o w - v o l t a g e  e d g e  o f  t h e  c e s i u m  p h o t o p e a k .  The i n t e g r a l  
d i s c r i m i n a t o r  o f  t h e  s i n g l e  c h a n n e l  a n a l y z e r  was t h e n  s e t  t o  j u s t  
c u t  o f f  t h e  p u l s e s  t h a t  would  f a l l  i n t o  c h a n n e l  320. ~ i t h  t h i s  
d i s c r i m i n a t o r  s e t t i n g ,  7 .48 v o l t s ,  and w i t h  t h e  a n a l y z e r  i n  t h e  
m u l t i - c h a n n e l  s c a l i n g  mode, t h e  c e s i u m  a c t i v i t y  was m e a s u r e d  t o  
b e  v e r y  n e a r l y  1 0 , 0 0 0  c o u n t s  i n  1 6  2 / 3  s e c o n d s  when t h e  g a i n  was 
a t  t h e  d e s i r e d  l e v e l .  S m a l l  v a r i a t i o n s  o f  t h e  a m p l i f i e r  g a i n  o r  
c o u n t e r  h i g h - v o l t a g e ,  on t h e  o t h e r  h a n d ,  would  c a u s e  l a r g e  c h a n g e s  
i n  c o u n t i n g  r a t e  f r o m  t h e  c e s i u m  c a l i b r a t i o n  s o u r c e .  
The t e c h n i q u e  f o r  s u b s e q u e n t  g a i n  s e t t i n g s  was v e r y  s i m p l e .  
The c e s i u m  c a l i b r a t i o n  s o u r c e  was p u t  i n t o  p o s i t i o n ,  t h e  d i s c r i -  
m i n a t o r  was s e t  a t  7 .48 v o l t s ,  a n d  t h e  h i g h - v o l t a g e  was s e t  a t  
1 1 0 0  v o l t s .  The a m p l i f i e r  g a i n  was t h e n  a d j u s t e d  u n t i l  1 0 , 0 0 0  
c o u n t s  a p p e a r e d  i n  1 6  2 / 3  s e c o n d s .  I n  t h i s  way t h e  g a i n  o f  t h e  
I > 
s y s t e m  was f i x e d  r e l a t i v e  t o  t h e  d i s c r i m i n a t o r  s e t t i n g .  The 
s e n s i t i v i t y  o f  t h e  t e c h n i q u e  c a n  b e  s e e n  f r o m  t h e  s l o p e  o f  t h e  
g a i n  c u r v e  shown i n  F i g .  6. 
S i n c e  t h e  6e7  o r  c l l  r a d i a t i o n s  o c c u r  w i t h  l o w a r  e n e r g i e s  
t h a n  t h o s e  f r o m  ~s~~~~ i t  was n e c e s s a r y  t o  c h o o s e  a  l o w e r  d i s c r i -  
m i n a t o r  s e t t i n g  when d e t e c t i n g  t h e s e  r a d i a t i o n s .  F o r  th i swwe 
u s e d  a  d i s c r i m i n a t o r  s e t t i n g  o f  4.50 v o l t s ,  s u f f i c i e n t  t o  c u t  o f f  
p u l s e s  i n  a l l  c h a n n e l s  be low c h a n n e l  192 .  T h i s  is t o  b e  compared  
w i t h  t h e  p o s i t i o n  o f  t h e  477-Kev 6 e 7  peak  t h e  maximum o f  which  
o c c u r s  i n  c h a n n e l  241. 
The o v e r a l l  d e a d  t i m e  o f  t h e  s y s t e m  was m e a s u r e d  by u s i n g  
two ~s~~~ s o u r c e s  of . n e a r l y  e q u a l  i n t e n s i t y  a n d  f o l l o w i n g  t h e  
t e c h n i q u e  known a s  t h e  t w o - s o u r c e  method ,  The d e a d  t i m e  was 
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111. DATA REDUCTION 
A. Y i e l d  o f  R a d i o a c t i v e  N u c l e i  
1 
I n  t h e  c o u r s e  o f  t h e  bombarr$nent o f  a  g i v e n  t a r g e t ,  r a d i o -  
a c t i v e  f r a g m e n t s  were  p r o d u c e d  e i t h e r  by r e a l  p h o t o n s  o r  by t h e  - 
e l e c t r o n s  t h e m s e l v e s  i n t e r a c t i n g  w i t h  t h e  o r i g i n a l  n u c l e i .  To 
1 
B n a b l e  u s  t o  d e t e r m i n e  t h e  c r o s s  s e c t i o n  f o r  e a c h  o f  t h e s e  t 
p r o c e s s e s  s e p a r a t e l y ,  we i r r a d i a t e d  t d o  s a m p l e s  o f  e a c h  t y p e ,  o n e  
w i t h  a  c o p p e r  r a d i a t o r  i n  a d v a n c e  o f  t h e  t a r g e t ,  t h e  o t h e r  w i t h o u t  
1 
t h e  r a d i a t o r .  p e r f o r m i n g  a  s u b t r a c t i o n  o f  o n e  r e s u l t  f r o m  t h e  
I ' 
< \  
o t h e r ,  we were  t h u s  a b l e  t o  s e p a r a t e  t h e  p h o t o n  a n d  e l e c t r o n  i 
e f f e c t s .  
C o n s i d e r  t h e  number o f  r a d i o a c t i v e  n u c l e i  p r o d u c e d  i n  a  t a r ?  1 
g e t  by t h e  b r e m s s t r a h l u n g  f r o m  a n  e l e c t r o n  which  h a s  p a s s e d  
t h r o g g h  o n e  r a d i a t i o n  l e n g t h  o f  m a t e r i a l .  S u p p o s e  t h a t  t h e  
r e s u l t i n g  p h o t o n s  t h e n  f a l l  on a  t a r g e t  o f  o n e  a tom p e r  u n i t  a r e e ,  
p r o d u c i n g  a  c e r t a i n  number o f  r a d i o a c t i v e  f r a g m e n t s  ( o n e  p e r  In ter -  
a c t i o n ) .  T h i s  number ,  t h e  s o - c a l l e d  p h o t o y i e l d ,  i s  g i v e n  by t h e  
e x p r e s s i o n  
H e r e  c T ( k )  and  Et, a r e  r e s p e c t i v e l y  t h e  c r o s s  s e c t i o n  a n d  t h r e s -  
- 
h o l d  e n e r g y  f o r  t h e  p h o t o d i s i n t e g r a t i o n  p r o c e s s ,  a n d  $ ( E o , Z , k ) d k  . 
is t h e  b r e m s s t r a h l u n g  number s p e c t r u m .  T h i s  g i v e s  t h e  number o f  
* 
p h o t o n s  o f  e n e r g y  be tween  k a n d  k+dk p r o d u c e d  i n  o n e  r a d i a t i o n  
l e n g t h  o f  m a t e r i a l .  The b r e m s s t r a h l u n g  s p e c t r u m  w i l l  be  d i s c u s s e d  
i n  d e t a i l  i n  s e c t i o n  C o f  t h i s  c h a p t e r .  
The yie ld  QS r a d i o a c % i v e  n u c l e i  p raduced  i n  a ta-at of  o n e  
I n  which Etl is the electron energy .  One n o t e s  t h a t  the , r ight  s i d e  
$ 
is isnpU.ci.tly muP-tipl$ed by N=l atarn p e r  u n i t  a r e a  in w d e r  that 
the e q u a b n  m a y  have d i m e n s i o n a l  c o n s i a  tency ,  
# - , - 
, . 
8. Darivati~n oP Cross S e c t i o n  E q u a t i o n s  
, The rata a f  change  ~f the number o f  r a d i o a c t i w e  n'ucSe% i n  a 
targat during irradiation is  s e e n  t~ b~ 
in uhich the square bracket kerm is She r a t e  of p r o d u c t i a n  .and 
t h e  l a s t  term, -An, is t h e  rate o f  decay of  t h e  produced  Fragments. 
a, 
In the abave e q u a t i o n  2 is th'e decay c o n s t a n t  of  t h e  r a d i o a c t 4 v e  
nuclei, n is She n m b . e ~  af r a d i a a c t i v e  n u c l e i  p r e s e n t  at any one 
time, I(t3 is the i n t e n s i t y  i n  e l e c t r o n s  p e r  s econd  o f  t l a ~  
electron beam ss a functi~n of tima, N is t h e  number o f  atoms per 
cubxc rentfmter oQ t h e  karget, and  T is t h ~  t a r p e t  t h i c k n e s s  i n  
t 
centPrsteters. Remi ting e q u a t i o n  ( 3 )  by u s i n g  the def i n i t  i a n s  o f  
equations (1) and (23,d one o b t a i n s  t h e  equatPon 
The t e r m  XYT(Eo) on t h e  r i g h t  s i d e  o f  e q u a t i o n  ( 4 )  s h o u l d  a c t g a l l y  
b e  r e p r e s e n t e d  by t h e  sum t r . 
t o  a l l o w  f o r  s l i g h t l y  d i f f e r i n g  s h a p e s  o f  t h e  b r e m s s t r a h l u n g  s p e c t r a  
$ ( E o , Z , k )  a r i s i n g  f r o m  t h e  d i f f e r e n t  r a d i a t i n g  m a t e r i a l s  i n  t h e  
beam. However, - t h e  two e x t r e m e  e x a m p l e s  o f  r a d i a t o r  m a t e r i a l s  
u s e d  i n  t h e  e x p e r i m e n t ,  h y d r o g e n  a n d  c o p p e r ,  h a v e  p h o t o n  s p e c t r a  
d i f f e r i n g  by t e n  p e r c e n t  a t  mos t .  We c a n  t h u s  t a k e  t h e  p w ' t o y i e l d  
(i 
i n t e g r a l  f o r  c o p p e r  t o  be  a p p r o p r i a t e  f o r  t h e  y i e l d s  d u e  t o  p h o t u n s  
f r o m  o t h e r  r a d i a t o r s  a s  w e l l .  The t o t a l  e r r o r  i n  d o i n g  t h i s  w i l l  
b e  c o n s i d e r a b l y  l e s s  t h a n  t e n  p e r c e n t  when t h e  c r o s s  s e c t i o n  i s  
I * 
p r o p e r l y  f o l d e d  i n .  The r i g h t  s i d e  o f  e q u a t i o n  (5)  t h e n  r e d u c e s  
t o  a sum o v e r  r a d i a t i o n  t h i c k n e s s e s  m u l t i p l y i ' n g  t h e  p h o t o y i e l d '  :due 
t o  p h o t o n s  f r o m  c o p p e r .  I n  wha t  f o l l o w s  we s h a l l  t a k e  X t o  be a  
sum o v e r  r a d i a t i o n  t h i c k n e s s e s  o f  a l l  t h e  m a t e r i a l  i n  t h e ' b e p r n ;  
s h a l l  b e  t h e  p h o t o y i e l d  a p p r o p r i a t e  t o  c o p p e r .  
' 
M u l t i p l y i n g  e q u a t i o n  ( 4 )  by t h e  i n t e g r a t i n g  f a c t o r  e l t  a n d  
i n t e g r a t i n g  o v e r  t i m e ,  we o b t a i n  t h e  number o f  r a d i o a c t i v e ' n u c l e i  
p r e s e n t  a t  t h e  t i m e 2 1  a t  which  t h e  i r r a d i a t i o n  c e a s e d ,  , , 
If t h e  n u c l e u s  d e c a y s  b y . o n e  mode o n l y ,  t h e  a c t i v i t y  a t  time 
w i l l  b e  
Ws n e x t  d e f i n e  t h e  t o t a l  y i e l d  pe r  e l e c t r o n  f o r  a beam passing 
through makerial of t o t a l  t h i c k n e s s  X r a d i a t d o n  l e n g t h s  followad 
by a target emoposed o f  one atom p e r  u n i t  area by t h e  e q u a t i o n  
The tetsl y i e l d  is now i n  tesrns cmLy a f  q u a n t i t i e s  whfch 
C9 > 
c a n  b e  
measwed dhectEy i n  t h e  l a b o f a t e r y .  Suppose  we l e t  t h e  r a d i a t i o n  
thickness of the c a p p e r  r a d i a t o r  bs Xr and t h a t  o f  a l l  t h e  o t h e r  
m a t e r i a l  be  X The t o t a l  y k e l d  fa r  t h e  i r r a d i a t i o n  made with the  
j * 
additional radiatar i n  place is t h e n  
The symbols R1 and  R p  r e p r e s e n t  t h e  r i g h t  s i d e  of  e q u a t i o n  (91 
u i t k  t h e  a p p r o p r i a t e  e x p e r i m e n t a l  q u a n f i % i e s  s u b s t i t u t e d .  Sub- 
t r a c t i n g  e q u a t i o n  (11) f rom a q u a t i o n  (10) one o b t a i n s  
I d e a l l y ,  o n e  would  now r e t u r n  t o  e q u a t i o n  ( 1 )  a n d  s o l v e  f o r  
k .  T h i s  i s ,  however ,  n o t  e n t i r e l y  f e a s i b l e  a t  .? ;h is  p o i n t . .  '. 
To s o l v e  f o r  6 ? ( k )  r e q u i r e s  t h e  u n f o l d i n g  o f  t h e  b r e r n s s t r a h l u n g  
s p e c t r u m  t o  d e t e r m i n e  e x a c t l y  which  p h o t o n  p r o d u c e d  w h a t  i n t e r -  
a c t i o n . '  T h i s  is a  t ime-consuming  p r o c e d u r e  a t  b e s t  a n d  'was no% 
a t t e m p t e d  i n  v i e w  o f  t h e  l i m i t e d  t i m e  a v a i l a b l e  t u  us , '  ~ n s t e a d ,  
we computed  a n  a v e r a g e  c r o s s  s e c t i o n ,  s ( E o ) ,  which  is  d e f i n e d  from 
I n  e q u a t i o n  ( 1 3 )  t h e  d e n o m i n a t o r  r e p r e s e n t s  t h e  a v e r a g e  b r e r n s s t r a h -  
I3 . 
l u n g  e n e r g y  p r o d u c e d  when a n  e l e c t r o n  p a s s e s  t h r o u g h  o n e  r a d i a t i ~ n  
>. 
l e n g t h  o f  m a t e r i a l .  When t h e  d e n o m i n a t o r  i s  d i v i d e d  by Eo i t  
p r o v i d e s  a n  " e q u i v a l e n t  number" o f  p h o t o n s  o f  e n e r p y  Eo p r o d u c e d  
d 
p e r  r a d i a t i o n  l e n g t h .  Us ing  e q u a t i o n  ( 1 )  a n d  ( 1 2 ) ,  o n e  o b t a i n s  
f i n a l l y  
E q u a t i o n  ( 1 4 )  s t a t e s  t h e  p h o t o d i s i n t e g r a t i o n  c r o s s  s e c t i o n  p e r  
e q u i v a l e n t  p h o t o n  i n  t e r m s  o f  m e a s u r e d  q u a n t i t i e s .  
The e l e c t r o d i s i n t e g r a t i o n  c r o s s  s e c t i o n ,  c;(Eo),  c a n  a l s o  b e  
c a l c u l a t e d  f r o m  t h e  e x p e r i m e n t a l  y i e l d s  R1 a n d  R2. By u s i n g  
equa t iqns  (11) and (12) one o b t a i n s  the exprasaioo 
The r i g h t  $ids of t h i a  e q u a t i o n  is s ta tad i n  % a r m  only of 
meaa.w~a$Pe g u a n ~ i  t es .'
I n  our investigation a f  t h s  p h o t a d i s i n t e g r a t i o n  psacsss ,  us 
produced a krmlan aAlount I of bremsstrahlung by placing r a d i a t o r s  of 
given thickness i n  the al .ec t ron - beam. Although a i l t t l a  oF t h e  
m d i e t @ - q  material was as much as s i x t y  c e n t i m e t e r s  from the target, 
the greater pnrtion was i n  close proximity  t o  it. 
n 
It  thus seem 
t o  ua that essentially a l l  of ths h r e m s t r a h l u n g  produced passed 
t h r ~ u g h  &he target. That this is a r e a s o n a b l e  assumpt ian  may ba 
seen Prom the disoussion by Hsitler [€I]. This s h n m  that  ths 
mean angle of e m k s i o n  aP bramest rahlung is o f  the order mod2 . Era 
radians with respect t o  ths beam d i r e c t i o n .  In our case t h i s  is 
an angle of 0.39 degrees. Clearly, most of  t h e  radiatean is very 
nearly in the farward direction. 
In calculating t h e  photon spect rum w e  used the d i f f e r e n t i a l  
branrsstrahlung cross sectian 'Fad dk o b t a i n e d  from the  papar of 
Hoch and Notz M , but m d i f i e d  t o  i n c l u d e  t h e  scattering e f f e c t  
af the atomic e l e c t r o n s .  Me used two d i f f e r e n t  f o r m s  a f  these 
equations, apprapriate for two separate r e g i n n s  of v a l u e s  of the 
screening parameter defined by t h e  e x p r e s s i o n  
The  r e l a t i o n s h i p  b e t w e e n  t h e  Koch a n d  Motz d i f f e r e n t i a l  c r o s s  
s e c t i o n s  a n d  o u r  b r e m s s t r a h l u n g  number  s p e c t r u m  $(EO+,.Z,k) may now 
b e  w r i t t e n  i n  t h e  c o m b i n e d  f o r m  
Here t h e  f u n c t i o n  $(Eo,Z,  k )  h a s  t h e  f o r m ,  f o r  O < T< 2, 
i 1 * 
I 
, I  
, 
EZ 2E t q  (19) 1 ij/+F-%]pv*)-T - & i n  (183 isY3) 
I n  t h e  a b o v e  e q u a t i o n s  i s  a  p a r a m e t e r  by means  o f  w h i c h  b rems-  I :, 
s t r a h l u n g  p r o d u c e d  o f f  t h e  a t o m i c  e l e c t r o n s  i s  i n c l u d e d .  The  o t h e r  




f i n a l  e n e r g y  o f  t h e  s c a t t e r e d  e l e c t r o n ,  E=Eo-k. V a l u e s  of t h e  !, 
f u n c t i o n s  !dl( r), Ei2(7 ' )  a n d  c (  a?) w e r e  t a k e n  f r o m  g r a p h s  i n  
r e f e r e n c e  [ 7 ] .  , 
:' * 
We n o t e  t h a t  t h e  r a d i a t i o n  l e n g t h  o f  a  m a t e r i a l  o f  a t o m i c  
1: 
number  Z, a t o m i c  w e i g h t  A, i s  
The cross section for hrernsstrahlung p roduc t ion  is t h e n  faun& frmm 
(21) 
--- 
Wten an e l ~ ~ t s o n  o f  energy E passes  th raugh  a r a d i a t e r  of 
. . 0 
thickness T, conposed of N atoms p e r  u n i t  volume, t h e  nrunbsr o f  
photons produced w i t h  energy between k and k+dk w i l l  be 
Hem we have put  I= f'd~ and X= fT /~o ,  t h e  l a t t e r  be ing the 
radiator thickness i n  u n i t s  o f  r a d i a t i o n  l e n g t h s .  In a11 %he 
d o u l a t i o n s  we used v a l u e s  o f  t h e  r a d i a t i o n  l e n g t h s  Xo given by 
Bethe and Ashkin [&I. The u a l u e s  of XI, used for t h e  p r i n c i p a l  
2 12.8 For Cu, 36.5 for air ,  a11 numbers i n  wits  uf g/cm . 
Figure 7 show t h e  i n t e n s i t y  spectrum, k@(Eo,Z,kk f o r  bress- 
s t r a h l u n g  from copper  and c a r b m .  
D, Equivalent Radia to r  Thickness  
Another q u a n t i t y  of i n t e r e s t  i n  an experiment u s i n g  e l e c t r o n s  
as p r o j e c t i l e s  is t h e  e q u i v a l e n t  r a d i a t o r  t h i c k n e s s ,  d a s i g n a t e d  
8s X g  radiation l e n g t h s .  This is  d e f i n e d  a s  t h e  t h t c k n e s s  of 
radiator matkrial necessa ry  t o  produce r e a l  photans i n  s u f f i c i e n t  
quantity t o  give t h e  same d i s i n t e g r a t i o n  y i e l d  i n  t h e  t a r g e t  a s  
t h a t  produced by t h e  electrons themselves.  The q u a n t i t y  Xe pra- 
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v i d e s  a c o n v e n i e n t  p a r a m e t e r  u s e f u l  i n  cornpar 
* The melamine and  c a r b o n  c r o s s  s e c t i o n s ,  rMel and rcr r e s p e c t i v e l y ,  
6re t o  b e  o b t a i n e d  e i t h e r  f r o m  e q u a t i o n  ( 1 4 )  o r  f r o m  e q u a t i o n  ( 1 5 )  
a n d  t h e  a p p r o p r i a t e  m e a s u r e d  q u a n t i t i e s .  
- 
F. R a d i o n u c l i d e  I d e n t i f i c a t i o n  
The two p r i m a r y  r a d i o n u c l i d e s  o f  i n t e r e s t  i n  t h i s  e x p e r i m e n t ,  
7  Be, a n d  c", a n d  a  t h i r d  which  was o b s e r " e d ,  N ,  w e r e  i d e n t i f i e d  
by means o f  b o t h  e n e r g y - s p e c t r u m  and  h a l f - l i f e  measurements .  F o r  
each s a m p l e  a  f i r s t  p u l s e - h e i g h t  a n a l y s i s  was made d u r i n g  t h e  e a r l y  
11 
s t a g e s  o f  d e c a y  when C  a n d ,  i n  t h e  c a s e  o f  t h e  w a t e r ,  N~~ were 
t h e  p r e v a l e n t  r a d i o n u c l i d e s  d e c a y i n g .  A t  t h i s  p o i n t  t h e  s p e c t r u m  
was s c a n n e d  f o r  e v i d e n c e  o f  :o$her r a d i a t i o n s  b e s i d e s  t h e  511-Hev 
p o s i t r o n - a n n i h i l a t i o n  phokqns o r  t h e  477-Kev ~i~ gamma r a y s .  I n  
no  c a s e  were o t h e r  r a d i a t i o n s  p r e s e n t  i n  s u f f i c i e n t  q u a n t i t y  t o  * 
be  o b s e r v e d .  A t y p i c a l  p u l s e  h e i g h t  s p e c t r u m  i s  g i v e n  i n  F i g .  8, 
% 
which  shows t h e  a n n i h i l a t i o n  p h o t o n  peak  f r o m  t h e  cl1 d e c a y s  i n  
. , 
a  t y p i c a l  c a r b o n  s a m p l e .  
1 .  
The q e c o n d  and  s u b s e q u e n t  p u l s e - h e i g h t  a n a l y s e s  were  made: 
f o r  e a c h  s a m p l e  a t  a l a t e r  t i m e  when t h e  o n l y  d e c a y  o b s e r v e d  was 
- 
7 t h a t  o f  Be , which  p r o d u c e d  477-Hev q u a n t a .  An example  o f  t h i s  
1 
is shown i n  F i g .  9 ,  which d i s p l a y s  t h e  8 e 1  d e c a y  s p e c t r u m  f o r  a  
w a t e r  s a m p l e .  
The LJl3 d e c  s were  o b s e r v e d  i n  t h e  w a t e r  s a m p l e s  b u t  n o t  BY 
i n  t h e  melamine.  The s e e m i n g  a b s e n c e  o f  N~~ i n  melamine was . 
i n c u r r e d  by n e c e s s a r y  d e l a y s  i n  t h e  c o u n t i n g  o f  t h e s e  s a m p l e s .  
The C" a c t i v i t y  i n  t h e  melamine was s u f f i c i e n t  t o  s a t u r a t e  t h e  
c o u n t e r  s y s t e m .  A f t e r  t h i s  had  a b a t e d  s u f f i c i e n t l y  t o  e n a b l e  u s  


t o  make a measurement ,  t h e  r e m a i n i n g  d3 a c t i v i t y  w e .  too weak t o  
b e  n o t i c e d  i n  compar i son  w i t h  t h e  r e m a i n i n g  cl' a c t i v i t y ,  a I n  any 
case, i f  b o t h  N~~ and c~~ w e r e  p r e s e n t  I i n  a g i v e n  sample,  t h e  
a c t u a l  s e p a r a t i o n  o f  t h e s e  a c t i v i t i e s  was per formed by t h e  computer  
g rngram-  
E, E f f i c i e n c y  of Coun t ing  
The c n v n t e r  e f f i c i e n c y  was c a l c u l a t e d  on t h e  b a s i s  o'f p u r e l y  
g e o m e t r i c a l  c o n e i d e r a t i ~ n b  u s i n g  a  t e c h n i q u e  due  t o  Heath [9]. 
I n  t h i 3  method photon  i n t e r a c t i o n  i n  t h e  c o u n t e r  c r y s t a l  is 
t s s u n e d  t n  csause  a d e t e c t a b l e  p u l s e .  The s t a t e d  e f f i c i e n c y  is t h v s  
a  measure  o f  t h e  p r o b e b i l i f y  t h a t  a  photon  e n t e r i n g  t h e  c r y & % a l  
u i l l .  c a u s e  a p u l s e  somewhere i n  t h e  spec t rum,  I f ,  however, a n l y  
t h e s e  p u l s e s  u h i c h  are i n  t h e  phbfopeak a r e  a c c e p t e d ,  as i n  our 
c a s e  when an  i n t e g ~ a l  d i s c r i m i n a t o r  was u sed ,  a  method o f  d e t e r -  
I 
m i n i n g  t h e  r a t i o  of c o u n t s  u n d e r  t h e  peak t o  t o t a l  c p u n t s  i n  t h e  
s p e c t r u m  mus t  h e  dev i sed .  F tor  t h e s e  "peak - t a - t a t a f .  r a t iosa  u e  
i i r np ly  u sed  t h e  numbers 0.653 f o r  ~e~ and 0.630 f o r  c~~ o b t a i n e d  
1 
f rom t h e  d a t a  o f  Heath f o r  a  s o u r c e  p l a c e d  0.5 c e n t i m e t e r s  f rom 
. t h e  c o u n t e r ,  These  r a t i o s  were o b t a i n e d  under  t h e  c a n d i t i o n s  of 
v m y  g o ~ d  geomet ry  (no  b a c k - s c a t t e r i n g )  7 '  which a l s o  a p p l y  t o  t h e  
Thie , to . ta l  e f f i c i e n c y  c a l c u l a t i o f l , t o r  a  t h i n  d i s c  s o u r c e  a n  
t h e  a x i s  af a  c y l i n d r i c a l  c o u n t e r  i s  d i s c u s s e d  more f u l l y  i n  
Appendix 2. C o n s i d e r i n g  a t h i c k  t a r g e t  t o  be  composed o f  a sum 
of  t h i n  d i s c s ,  o n e  o b t a i n s  t h e  f o l l o w i n g  mean e f f i c i e n c i e s :  0.287 
f o r  t h e  carbon samples ,  0.261 f o r  melamine, and 0.257 f o r  wa te r ,  






are the w t p u t  in fmmat ion  from t h e  program. For m4.xt;ures aP 
simpIa a c t i v i t i e s  t h e  program fits t h e  i m g e s t - l f u e d  actiarfty firat, 
progresses  t o  ths next  l anges t ,  and sa on,, , giv ing  waXwaa Far aach 
X, E m m  Analysis 
i 
7-j R e c i s a  a n a l y s i s  of the ermrs t n  t h e  reported qusnt i i t i es  f 
d 4 
2 
presen t s  fmmidable d i f f i c u l t i e s ;  it w i l l  n a t  b e  a t tempted hera. 
q 
!!k 1nste.d w sha l l  rnemly  summarize t h~e  ststis t i o a l  and ins t rumenta l  ! s tnarar fa in t i~a  as we hawe estimaited them, 
I $q I The actiwity ADS perhaps the  most i n ' t e r ea t ing  quant i ty  t ha t  d 4 
:s 1 uas measured i n  the mperirnant,  i s  knaun w i t h  a" reasarrab3e pracis iomFi 4 $1 
.& 
3 Even so, RO involves  t h e  s t a t i s t i c a l  uncertain fie^' i n  the 2ndividual  4 - 
*; counts,  mos'tly lass than 0.5 p ~ r c e n t ,  t h e  e r r o r  i n  the f i t  t o  t h e  
dka; usually l eas  than 1.O percent ,  and the  wnlcertaiti43.as i n  t he  
detector apparatus. Of these ,  t h e  5 percent uncertainty ii, t h e  
dead tPm masuaement w i l l  can'erlhute a neg l ih ib lk  e m o . ~  for m$st 
of t h e  measu~ements. O f  r n ~ r e ~ ~ + n ~ o r t m ~ e ~  t h e  u n c e ~ t a i n ~ t y  i n  t o t a l  . 
b . 
a f f i c i e n c y  o f  the counter  ma,y be a s  much a s  5 percent ,  i n i - t he  
peak-to-total r a t i n  abaut 5 percent ,  and i n  the se l f -ahsa ip t ion  
E L  
" 3  
f a c t a r  amather P p e ~ c e n t ,  Wer~ one t o  c a n s i d e r - t h e s e  uncertafin'ties 
. I  




errar i n  A m  alone wctuld be about 6 percent. 
4 3 - 
?;4 Ta obtain t he  c r o s s  s e c t i a n s ,  however, one must know both the  
amount of material i n  t he  beam and the  c u r r e n t  of bombarding 
e l g c t s o n s  with same prec i s i an ,  For the  former, we be l ieve  t h e  
error made i n  measuring r a d i a t i n g  ma te r i a l  and t a r g e t  th ickness  2s 
39 
l e s s  t h a n  1 p e r c e n t ,  e x c e p t  f o r  t h e  melamine  t a r g e t  w h e r e  5 p e r c e n t  
i s  p e r h a p s  more a p p r o p r i a t e .  The e r r o r  made by a s s u m i n g  t h e  c o p p e r  
b r a m s s t r a h l u n g  s p e c t r u m  t o  b e  v j l i d  f o r  a l l  t h e  r a d i a t o r s  i n c o r p o -  
C 
r a t e s  p e r h a p s  a n o t h e r  1 p e r c e n t  o f  u n c e r t a i n t y .  The d e t e r m i n a t i o n  
of t h e  number o f  bombard ing  e l e c t r o n s  i s ,  however ,  h i g h l y  un e r t a i n .  F 
I n  t h e  f i rst  p l a c e ,  t h e  a b s o l u t e  e f f i c i e n c y  o f  t h e  s e c o n d a r y -  
e m i s s i o n  m o n i t o r  is  u n c e r t a i n  t o  a b o u t  10 p e r c e n t .  Worse y e t ,  t h e  
i n t e g r a t i n g  c i r c u i t  S n t e r p o s e d  a n  i n t e r m i t t e n t  l e a k a g e  c u r r e n t  t h e  
1 
m a g n i t u d e  of which  was known o n l y  t o  w i t h i n  20 p e r c e n t ,  a t  b e s t .  
T h i s  g i v e s  a  t o t a l  u n c e r t a i n t y  o f  m e a s u r e d  c h a r g e  o f  a s  much a s  
10 p e r c e n t .  C o u p l e d  w i t h  t h e  u n c e r t a i n t y  i n  : t d e  m o n i t o r  e f f i c i e n c y ,  
'1 f 
. t h i s  may l e a d  t o  a n  e r r o r  a s  l a r g e  a s  20 p e r c e n t  i n  t h e  a b s o l u t e  
v a l u e  a f  a c c u m u l a t e d  c h a r g e .  
* When a l l  t h e  u n c e r t a i n t i e s  a r e  a d d e d  t o g e t h e r ,  by w h a t e v e r  
s p e c i f i c  t e c h n i q u e ,  i t  is e a s y  t o  i m a g i n e  a  t o t a l  u n c e r t a i n t y  o f  
-30 p e r c e n t  i n  t h e  m e a s u r e m e n t  o f  a  g i v e n  y i e l d .  S i n c e  t h e  f i n a l  
g r a s s  s e c t i o n  c a l c u l a t i o n  i n v o l v e s  a  d i f f e r e n c e  o f  y i e l d s ,  however ,  
t h e  e r r o r  i n  t h e  c r o s s  s e c t i o n  f o r  c a r b o n  o r  oxygen  may b e  a s  
l a r g e  a s  50 p e r c e n t .  S t i l l  more uncornfortabl$y, ,  t h e  n i t r o g e n  
c a l c u l a t i o n  i n v o l v e s  s u b t r a c t i o n  o f  t h e  c a r b o n  y i e l d  f r o m  t h a t  , 
1 




T o t a l  C r o s s  S e c t i o n  f o r  Fo rma t ion  o f  N 13 
a 
q ( p b ) .  .G/ r e  Nucleus  -7 q p b '  
31.6 0.24 1 3 2  oxygen 
One s h o u l d  n o t e  t h a t  t h e  p r o b a b l e  e r r o r  i n  t h e s e  c r o s s  s e c t i o n s  
may well be  i n  e x c e s s  of  50  p e r c e n t .  I t  is  t h u s  n o t  r e a s o n a b l e  t o  
e x p e c t  d e t a i l e d  ag reemen t  between t h e  numbers and  any o t h e r  pub- 
l i s h e d  r e s u l t s  t h a t  f a l l  i n  t h e  same domain. Even s o ,  o u r  r e s u l t s  
are i n t e r n a l l y  c o n s i s t e n t  t o  t h e  e x t e n t  of d i s p l a y i n g  proper t r e n d s .  
F o r - e x a m p l e ,  t h e  c r o s s  s e c t i o n s  f o r  b o t h  t y p e s  o f  d i s i n t e g r a t i o n  
p r o c l s s e s  fall o f f  w i t h  i n c r e a s i n g  Z o f  t h e  t a r g e t  nuc l eus .  T h i s  
is t o  be  e x p e c t e d  on t h e  g e n e r a l  g rounds  t h a t  any p a r t i c u l a r  
p r o c e s s  h a s  a  s m a l l e r  p r o b a b i l i t y  o f  o c c u r r e n c e  when t h e  p o s s i b l e  
number o f  p r o c e s s e s  i n c r e a s e s ,  as i n  h e a v i e r  t a r g e t s .  We n o t e  a l s o  
t h e  g e n e r a l  c o n s i s t e n c y  among t h e  r a t i o s  of  p h o t o d i s i n t e g r a t i o n  
t o  e l e c t r o d i s i n t a g r a t i o n  crass s e c t i o n s  f o r  t h e  v a r i o u s  n u c l e a r  
t a r g e t s ,  
On t h e  o t h e r  hand,  ag reemen t  w i t h  t h e  r e s u l t s  o f  p P h e r  , , e x p e r i -  
rnen.~s,,,is i n d e e d  ve ry  poor .  The e x p e r i m e n t  of  Ba rbe r  e t  a l .  [13) 
on t h e  C1'( y,n)C1' r e a c t i o n  d e t e r m i n e d  t h e  a c t i v a t i o n  c r o s s  
s e c t i o n  t o  be  z . z x ~ o - ~ ~  crn2 f o r  bombardment w i t h  x- rays  of 75-MeV 
maximum energy .  T h i s  cross s e c t i o n  is a n a l o g o u s  t o  o u r  photo-  
d i s i n t e g r a t i o n  y ie ld ,Yy , f o r  which we f o u n d  t h e  v a l u e  6 . 5 ~ 1 0  -28cm2 ,* 
which d i f f e r s  by a  f a c t o r  o f  3.4 f rom B a r b e r ' s  r e s u l t .  I n  
a n o t h e r  e x p e r i m e n t  i n v o l v i n g  C l l  p r o d u c t i o n ,  Ba rbe r  f o u n d  t h e  
r a t i o  t o  have  t h e  v a l u e  14.4, a  f a c t o r  o f  3.3 lower  t h a n  
our r e s u l t .  
I n  t h e  c a s e  of p r o c e s s e s  l e a d i n g  t o  t h e  p r o d u c t i o n  o f  Be 7 
o u r  r e s u l t s  a g r e e  b u t  l i t t l e  b e t t e r  w i t h  t h e  p u b l i s h e d  v a l u e s  o f  
o t h e r  g r o u p s  o f  e x p e r i m e n t e r s .  A r t u s  [4] s t a t e s  t h a t  t h e  p h o t o -  
7  d i s i n t e g r a t i o n  c r o s s  s e c t i o n  c a  f o r  t h e  Be p r o c e s s e s  o u t  o f  
c a r b o n  a n d  oxygen  h a v e  v a l u e s  o f  143  and  1 2  m i c r o b a r n s ,  r e s p e c -  
t i v e l y ,  f o r  x - r a y s  w i t h  maximum e n e r g y  o f  55 MeV. Our v a l u e s  f o r  
t h e s e  q u a n t i t i e s  a r e  l o w e r  by f a c t o r s  o f  a b o u t  2  f o r  r e a s o n s  
unknown t o  us .  Our e l e c t r o d i s i n t e g r a t i o n  c r o s s  s e c t i o n s  f o r  Be 7 
p r o c e s s e s  m u s t ,  however ,  s t a n d  a l o n e  w i t h o u t  c o m p a r i s b n  w i t h  
o t h e r  work,  a s  mus t  t h e  n i t r o g e n  p h o t o d i s i n t e g r a k i o n  c r o s s  
s e c t i o n .  No o t h e r  p u b l i s h e d  r e s u l t s  f o r  t h e s e  q u a n t i t i e s  a r e  
known t o  us .  
I 
I n  T a b l e  V I  a r e  l i s t e d  t h e  / p d u i v a l e n t  r a d i a t o r  t h i c k n e s s e s  
X which  a r i s e  f r o m  c o m p a r i s o n  b e t w e e n  t h e  e f f e c t s  on t h e  d i s i n -  
e  
t e g r a t i o n  p r o c e s s e s  o f  t h e  r e a l  x - r a y  s p e c t r u m  a n d  t h e  v i r t u a l  
p h o t o n  s p e c t r u m  o f  t h e  e l e c t r o n  f i e l d s .  The e n t r i e s  i n  t h e  t a b l e  
seem t o  b e  i n  r e a s o n a b l y $  good a g r e e m e n t  w i t h  t h e  a p p r o x i m a t e  
t h e o r e t i c a l  v a l u e  Xe=10 o i / n = O . 0 2 3  r a d i a t i o n  l e n g t h s  i n  a l l  
c a s e s  e x c e p t  t h a t  o f  n i t r o g e n ,  
TABLE V I  
E q u i v a l e n t  R a d i a t o r  T h i c k n e s s e s  
Xe  ( r a d i a t i o n  l e n g t h s )  
N u c l e u s  I?L p r o c e s s  Be 7  p r o c e s s  
Carbon  0 .0271 0 .0195 






We s h a l l  h e r e  & s c r i b e  a  few a s p e c t s  of t h e  elecikdhif2&euits 
named i n  t h e  b lock  d l ~ g r a m  of F ig .  4 i n  C h a p t e r  11. P u l s e s  of  l i g h t  
J 
.J 
>I f rom t h e  NaI  c r y s t a l  a r e  r e g i s t e r e d  i n  a  t e n - s t a g e  RCR 8054 photo-  r & 
m u l t i p l i e r  t u b e  which is c o n n e c t e d  t o  t h e  v o l t a g e - d i v i d e r  network 
shown i n  F ig .  1 0  below, 11 The c i r c u i t  was d e s i g n e d  t o  p r o v i d e  n e g a t i v e  
v o l t a g e  p u l s e s  hav ing  a  f a l l - t i m e  of a b o u t  200 mic roseconds  when 
t h e  d e v i c e  is used  i n  c o n j u n c t i o n  w i t h  an  O r t e c  Model 1 1 3  p r e a m p l i f i e r  
w i t h  a  500 p i c o f a r a d  i n p u t  c a p a c i t o r .  Such p u l s e s  have an  optimum 
d u r a t i o n  f o r  l i n e a r  a m p l i f i c a t i o n  by t h e  O r t e c  Model 410 a m p l i f i e r  
t o  which t h e y  a r e  l e d .  
Ou tpu t  p u l s e s  from t h e  l i n e a r  a m p l i f i e r  a r e  b i p o l a r ,  hav ing  
p o s i t i v e  and  n e g a t i v e  a m p l i t u d e s  i n  t h e  r a n g e  0 t o  1 0  v o l t s .  These 
p u l s e s  a r e  a n a l y z e d  e i t h e r  by t h e  Nuc lea r  Data Model 180  512-channel  
I 
I 




>: 1 I n  t h e  farmer case t h e  p u l s e - h e i g h t  a n a l y s i s  d a t a  a r e  s t o r e d  i n  t h e  
, I  $ 1  
l memory u n i t  o f  t h e  a n a l y z e r ,  These d a t a ,  i n  t h e  form of c o u n t s  p e r  
c h a n n e l ,  a r e  t h e n  a v a i l a b l e  i n  a n  o s c i l l o s c m p e  d i s p l a y  o r  i n  p r i n t e d  
1 f a r m  from a t e l e t y p e  p r i n t e r ,  
Most of t h e  d a t a  accumula ted  i n  t h e  experiment ,howeveq a r e  
t h e  s c a l e d  r e c o r d  of  v o l t a g e  p u l s e s  which mere ly  had a n  a m p l i t u d e  
l a r g e r  t h a n  a  c e r t a i n  minimum. I n  t h i s  c a s e  t h e  O r t e c  420 s i n g l e -  
c h a n n e l  a n a l y z e r  d i s c r i m i n a t e d  between p u l s e s  of d i f f e r e n t  ampl i tudes , ! -  
a c c e p t i n g  o n l y  t h o s e  g r e a t e r  i n  a m p l i t u d e  t h a n  E, t h e  v o l t a g e  of 
I 1 t h e  i n t e g r a l  d i s c r i m i n a t o r  s e t t i n g .  The o u t p u t  of t h e  a n a l y z e r  is 
a  5 - v o l t ,  0.5 microscond l o n g , r e c t a n g u l a r  p u l s e  f o r  e a c h  a c c e p t e d  
i n p u t  pulse. These p u l s e s  a r e  t h e n  
4 7 





4 by means o f  a  s o l i d - s t a t e  a m p l i f i e r  d e s i g n e d  and  b u i l t  i n  t h i s  
. , "> 
l a b o r a t o r y .  The r e s u l t i n g  p u l s e s  a r e  l e d  t o  t h e  rnkt l t i -channel  
-4 s c a l i n g  CMCS) i n p u t  t e r m i n a l s  o f  t h e  N u c l e a r  D a t a  180 .  Here t h e  
3 * 
' k 
'4 p u l s e s  are a c c u m u l a t e d  i n  a  g i v e n  o n e  o f  t h e  a v a i l a b l e  512 c h a n n e l s  
. j 
;I' o f  t h e  a n a l y z e r ,  I n  t h i s  mode of u s e ,  t h e  MCS mode, t h e  a n a l y z e r  t P : 
*i a c c e p t s  a n d  r e g i s t e r s  i n  t h e  s e l e c t e d  c h a n n e l  a l l  t h e  p u l s e s  
1 
t I 
I h a v i n g  e n  a m p l i t u d e  o f  15 v o l t s .  When c o u n t i n g  i n t o  o n e  o r  more 
$ 2 4  yp 
.a 
*. 
c h a n n e l s  h a s  b e e n  c o m p l e t e d ,  t h e  i n f o r m a t i o n  i n  t h e  v a r i o u s  
21 
: 1 c h a n n e l s  o f  t h e  memory is a v a i l a b l e  t h r o u g h  t h e  o u t p u t  d e v i c e s  
b i i $1  
r l  m e n t i o n e d  b e f o r e ,  
% i 
'j 1 S e l e c t i o n  o f  t h e  p a r t i c u l a r  c h a n n e l  u s e d  f o r  s t o r a g e  i s  
I 
- d a c c o m p l i s h e d  s e q u e n t i a l l y  by a t i m i n g  c i r c u i t  o p e r a t i n g  w i t h  t h e  
' j 
$4 t r i g g e r  c i r c u i t  shown i n  F i g .  11, The t i m i n g  c i r c u i t  d e t e r m i n e s  
'.r 
. 3  . 
1 t h e  d w e l l  time i n  a  g i v e n  c h a n n e l .  T h i s  i s  done by c o u n t i n g  a 
i 
' I  
1 p r e d e t e r m i n e d  number o f  60-Hz, 1 1 5 - v o l t  l i n e  p u l s e s  by means o f  a  
- >  
: : 
T e c h n i c a l  A s s o c i a t e s  Model DS-58 s c a l e r  u s e d  i n  i t s  l 1 T e s t U  mode. 
:i ' 1 When t h e  s e l e c t e d  number o f  p u l s e s  h a s  b e e n  c o u n t e d ,  t h e  s c a l e r  
...a 
1 o u t p u t  t e r m i n a l  v o l t a g e  u n d e r g o e s  a  s t e p  c h a n g e  o f  -80 v o l t s ,  
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; which  f i r e s  t h e  t r i g g e r  c i r c u i t ,  c a u s i n g  i t  t o  s e n d  a n  & v o l t  p u l s e  
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2 I>. t o  t h e  EXT I S  t e r m i n a l s  o f  t h e  m u l t i - c h a n n e l  a n a l y z e r .  T h i s  c a u s e s  
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j l  
id I'! 
t h e  a n a l y z e r  t o  s c a l e  t h e  e n s u i n g  i n p u t  p u l s e s  i n t o  t h e  n e x t  
I $:
ti c h q n n e l  i n  s e q u e n c e .  
The p u t p u t  v o l t a g e  o f  t h e  s c a l e r  t h e n  r e t u r n s  
pi 
.a % $j t o  i ts  o r i g i n a l  l e v e l  p r i o r  t o  commencement o f  t h e  n e x t  c y c l e .  
A 




t h e  breakdown of t h e  t r i g g e r  d e v i c e  T  c a u s e d  by a  s u d d e n  v o l t a g e  
ti I i * 
t , 
d r o p  a t  t h e  s t a r t  s w i t c h  o r  a t  t h e  i n p u t  t e r m i n a l s .  The d e v i c e  T 
then a c t s  as a s h o r t  c i r c u i t ,  p e r m i t t i n g  c a p a c i t o r  C t o  d i s c h a r g e  
?I 
t h m u g h  r e s i s t o r  R ,  a n d  r e s u l t i n g  i n  t h e  d e s i r e d , 8 - v o l t  o u t p u t  p u l s e .  
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APPENDIX I1 . - - .  -i 
E f f i c i e n c y  D e t e r m i n a t i  on - ., .PC t 
The c a l c u l a t i o n  o f  t h e  a b s o l u t e  e f f i c i e n c y  of  photon  d e t e c t i o n  
f o r  a  d i s c  s o u r c e  on t h e  a x i s  of a  c y l i n d r i c a l  c r y s t a l  c a n  be  made, 
0 
ve ry  a c c u r a t e l y  f rom p u r e l y  g e o m e t r i c a l  m n s i d e r a t i o n s .  The ,method  I 
1 t 
e f f e c t i v e l y  d e t e r m i n e s  t h e  j o i n t  p r o b a b i l i t y  th(t -, a  photon  w i l l  be 
i n t e r c e p t e d  by t h e  c r y s t a l  and w i l l  have some k i n d  of  i n t e r a c t i o n  
i i n  t h e  c r y s t a l  m a t e r i a l .  F o r  t h e  c o u n t e r  e f f i c i e n c y  i n  t h i s ,  I 
: I 
: e x p e r i m e n t  we per formed a n u m e r i c a l  i n t e g r a t i o n  o f  t h e  e q u a t i o n  
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: 'i The s q u a r e - b r a c k e t  e x p r e s s i o n s  i n  t h e  i n t e g r a l s  s t a t e  $b:ipnaiblabii'Jity (4 
h 8 t h a t  t h e  pho ton  of e n e r g y  k  w i l l  have  an  i n t e r a c t i o n  when i t  imp inges  




a b s o r p t i o n  c o e f f i c i e n t r ( k )  i n  t h e  e x p o n e n t i a l s .  The q u a n t f i k i e s  R 
F $ 4 and ro are r a d i i  o f  t h e  d i s c  
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c r y s t a l  l e n g t h ,  ho is t h e  d i s t a n c e  f r o m  t h e  d i s c  t o  t h e  c r y s t a l  f a c e ,  2 
.r; 
e a n d  4 a re  a n g u l a r  v a r i a b l e s  o f  i n t e g r a t i o n ,  a n d  x  t h e  v a r i a b l e  by : >.  
meens o f  which  i n t e g r a t i o n  o v e r  t h e  d i s c  is  a c h i e v e d .  V a l u e s  o f  t h e  
v- 
6 
x- ray  a b s o r p t i o n  c o e f f i o i e n t s  f ( k )  f o r  NaI(T1)  t h a t  we u s e d  i n  t h e  
c a l c u l a t i o n  were t a k e n  f r o m  t h e  work o f  G. R,. W h i t e  (121. 
. - 
S i n ~ e  t h e  s o u r c e s  u s e d  i n  t h e  e x p e r i m e n t  w e r e  r e l a t i v e l y  
t h i c k ,  w e  f o u n d  i t  n e c e s s a r y  a l s o  t o  c a r r y  o u t  a n  i n t e g r a t i o n  o v e r  
% h e  s o u r c e  t h i c k n e s s  i n  t h e  e f f i c i e n c y  c a l c u l a t i o n .  I n  p r a c t i c e ,  
t h i s  was a c t u a l l y  done by c a l c u l a t i n g  t h e  t h i n - d i s c  e f f i c i e n c y  f o r  
t h e  two e n d s  a n d  t h e  m i d - p l a n e  o f  t h e  c y l i n d r i c a 1 , s o u r c e .  We t h e n  
i n t e g r a t e d  t h e  r e s u l t s  by u s i n g  t h e  S impson  t h r e e - p o i n t  f o r m u l a .  
The resul ts  o f  t h e s e  c a l c u l a t i o n s  f o r  t h e  t h r e e  d i f f e r e n t  s o u r c e  
$ y p e s  u s e d  i n  t h e  e x p e r i m e n t  a r e  g i v e n  i n  T a b l e  V I I , .  f o r  -wh!i~h . w e  , 
** 
d e t e r m i n e d  S o u r c e  r a d i i  a c c o r d i n g  t o  t h e  f o l l o w i n g  c o n s i d e r a t i o n s ,  
S i n c e  t h e  a c c e l e r a t o r  beam s p o t  was o n e - h a l f  i n c h  i n  d i a m e t e r ,  t h e  
c a r b o n  d i s c  r e c e i v e d  t h e  g r e a t e r  p o r t i o n  o f  i ts i r r a d i a t i o n  i n  t h e  
c e n t r a l  o n e - h a l f  i n c h ;  t h u s  t h e  l a r g e t  p e r c e n t a g e  o f  t h e  d e t e c t a b l e  
gammas o r i g i n a t e  i n  t h i s  p a r t .  F o r  t h e  c a r b o n  c a l c u l a t i o n ,  t h e n ,  
t h e  r a d i u s  o f  t h e  c a r b o n  d i s c s  was assumed  t o  b e  0.250 i n c h e s .  
F o r  t h e  w a t e r  a n d  melamine  s a m p l e s ,  however ,  t h e  d i s c  r a d i u s  was 
assumed  e q u a l  t o  t h e  b o t t l e  r a d i u s ,  0.485 i n c h e s .  
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3. REPORT Ti-TLt 
The P r o d u c t i o n  o f  6 e 7  and cl1 f r o m  C a r b o n ,  N i t r o g e n ,  a n d  Oxygen by 
75-MeV E l e c t r o n s  
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t3. hbSTRACT 
An i n v e s t i g a t i o n  was made o f  t h e  e l e c t r o m a g n e t i c  d i s i n t e g r a t i o n  o f  
c a r b o n ,  n i t r o g e n ,  a n d  oxygen  l e a d i n g  t o  p r o d u c t i o n  o f  t h e  u n s t a b l e  
n u c l e i  Be7 a n d  ~11 ,  T a r g e t s  o f  g r a p h i t e ,  me lamine ,  and  w a t e r  w e r e  
bombarded w i t h  75-MeV e l e c t r o n s  f r o m  t h e  N a v a l  P o s t g r a d u a t e  S c h o o l  
l i n e a r  a c c e l e r a t o r .  The d i s i n t e g r a t i o n  f r a g m e n t s  o f  i n t e r e s t  were 
cuunEed by d e t e c t i n g  t h e i r  d e c a y  a c t i v i t y ,  Be7 by t h e  477-Hev gamma 
r a y  f r o m  i t s  d a u g h t e r  n u c l e u s  and  C l l  by t h e  511-Hev p h o t o n s  f r o m  t h e  
a n n i h i l a t i o n  o f  i t s  e m i t t e d  p o s i t r o n .  E l e c t r o n  a n d  p h o t o n  e f f e c t s  
were  s e p a r a t e d  by i n t e r p o s i n g  a n  a d d i t i o n a l  r a d i a t o r  f o r  o n e  bombardment 
o f  a  g i v e n  t y p e  o f  t a r g e t ,  t h e n  r e p e a t i n g  w i t h  a  s i m i l a r  t a r g e t  w i t h -  
o u t  t h e  r a d i a t o r .  
R a d i o a c t i v e  f r a g m e n t s  o f  Be7 and  c l l  were  f o u n d  i n  a l l  bombard- 
m e n t s ;  ~ 1 3  was a l s a  f o u n d  i n  bombardments  o f  me lamine  a n d  w a t e r .  
E l e c t r o d i s i n t e g r a t i o n  c r o s s  s e c t i o n s  f o r  p r o c e s s e s  y i e l d i n g  ~ 1 1  were  
f o u n d  t o  r a n g e  f r o m  1 7 , 5 / t / b  f o r  c a r b o n  down t o  0 . 3  , u b  f o r  oxygen.  
The c o r r e s p o n d i n g  v a l u e s  f o r  p r a c e s s e s  y i e l d i n g  Ele7 r a n g e d  f r o m  1.3 /r/ b  
t o  0 . 1 4 p b .  I n t e g r a t e d  p h o t o d i s i n t e g r a t i o n  c r o s s  s e c t i o n s  were  f o u n d  
t a  b e  a p p r o x i m a t e l y  5 0  t i m e s  g r e a t e r  t h a n  t h e s e .  
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